The liquid-fueled molten salt reactor uses liquid fuel, and its dynamic characteristics are different from the traditional solid fuel reactor. Dynamic modeling and simulation play a key role in the design phase of the innovative reactor system. Based on Modelica language, a Modelica model named TMSRLib (Thorium-based Molten Salt Reactor Library) for dynamic modeling and simulation of liquid-fueled molten salt reactor system is developed using Dymola platform. In order to verify the validity of the developed dynamic simulation model library, two system models of the MSRE (molten salt reactor experiment) with core represented by single region and nine regions are built based on the TMSRLib Modelica library, respectively. Then the two system models of the MSRE are validated by using experimental benchmarks of MSRE. The results show that the numerical results are in good agreement with MSRE experimental results, and verifies the applicability and correctness of each component model in TMSRLib.
Introduction
The molten salt reactor (MSR) is one of the six advanced innovative reactor concepts proposed by the Generation IV International Forum (GIF-IV), which can be characterized by attractive attributes as good neutron economy, inherent safety, natural resource protection, nuclear non-proliferation and sustainable development [1] . The liquid-fueled MSR is the only reactor uses the flowing liquid fuel which serves both as coolant and fuel, which makes the dynamic characteristics and control strategy of liquid-fueled MSR different from traditional solid fuel reactor.
Dynamic modeling and simulation are important and effective means to study dynamic characteristics and control strategies for the innovative reactor system. For the liquid-fueled MSR, a large-scale, non-linear, strongly coupled, multi-disciplinary and complex physical system, there are some typical requirements for the choice of control-oriented simulation tools. In especial, an accurate and comprehensive description of the dynamic operation of the whole reactor system, high modeling efficiency and fast simulation speed, the ability to implement modeling and simulation involving multi-disciplinary systems, and the ability to couple the control system model with the reactor simulator are the main requirements. According to the above requirements, the object-oriented method has become a suitable choice for liquid fuel modeling and simulation due to its characteristics of abstraction, hierarchical structure, and encapsulation [2] .
A feasible way to achieve the above goal is to use Modelica language [3] . Modelica is an object-oriented modeling language introduced in 1997. Due to its characteristics of easy development, reusability and flexibility, Modelica has become a very competitive and attractive choice for the control-oriented dynamic modeling of physical systems in recent years. As the Modelica is a declarative modeling language and the mathematical descriptions of Modelica models are differential, algebra, and discrete equations, the model developer can focus on the description of the model, regardless of the calculation order and data flow of the model. The related mathematical problems are automatically handled by the Modelica compiler and solver. These features allow acausal modeling is suitable for expressing the physical structure of complex systems, and Equation-based Modelica models are also more reusable than traditional models that include assignment statements [4] . Modelica supports multi-domain modeling, capable of describing multi-domain models or components in electrical, mechanical, hydraulic, control, etc. Finally, Modelica is open source and has already been successfully applied in various fields, such as aerospace, automobile, and electric power, but also in the nuclear simulation field.
The NUKOMP library specific for nuclear reactor components was developed by Cammi et al. [5, 6] using the Modelica language and a complete simulator of the International Reactor Innovative and Secure (IRIS) plant was developed using components from the open-source Thermo Power library [7] and the NUKOMP library. Ponciroli et al. [8, 9] developed a one-dimensional, nonlinear simulator of the Advanced Lead-cooled Fast Reactor European Demonstrator (ALFRED) by using the Modelica language, and then a suitable control strategy of ALFRED was preliminarily studied based on the developed simulation tool. In order to provide a common simulation environment, researchers from Oak Ridge National Laboratory (ORNL) developed the components and integrated system models employing Modelica language for the following two innovative reactor architectures: (a) fluoride high-temperature reactor (FHR); (b) Advanced Liquid Metal Reactor (ALMR), and the objective of this project was to facilitate rapid development of the advanced Small Modular Reactor (SMR) system models [10, 11] .
Above all, Modelica language is suitable for study the dynamics and control strategy of liquid fueled MSR. As a result of liquid-fueled MSR is the only advanced innovative reactor that uses liquid fuel as both fuel and coolant, the existing Modelica model library for nuclear simulation is not suitable for the development of its system simulation model. In this work, the generic model library TMSRLib was developed for liquid fueled MSR by using Modelica language, and then two nonlinear dynamic models of the MSRE were built to verify the correctness and validity of the developed library.
Mathematicdal and Physical Models
In this section, the main component models of the general library TMSRLib are developed by using Modelica language for liquid fueled MSR and the relevant DAEs are described as following:
Point Kinetics Neutronic Model
Considering the cyclic flow effect of liquid fuel salt in the primary loop of the reactor, the point kinetic model for traditional solid fueled reactors is no longer suitable for simulating the neutron dynamics of liquid fuel MSR. In this study, the modified point kinetic dynamic balance equations are used to describe the change of the precursor concentration and the neutronic population over time. The nonlinear neutron dynamic equation can be expressed as
where N(t) is the neutron density at time t, ρ(t) represents the total reactivity at time t, Λ is the mean neutron lifetime, β represents the total delayed-neutron fraction,  i is the decay constant of the i th precursor group, C i represents the concentration of the i th delayed-neutron precursor. As the delayed neutron precursors (DNPs) circulate in the primary loop of the reactor along with the liquid fuel, the DNPs decay throughout the cycle and reenter the reactor core after a period of time. The dynamic equation of DNPs for the six groups can be expressed as
where β i is the delayed-neutron fraction for i th precursor group, τ c and τ l represent the residence time of the fuel salt through the core and external loop respectively. The value of reactivity to keep the reactor critical can be obtained by making the time derivatives terms in Eqs. (1) and (2) to be zero. It is written as:
In this study, only the feedback reactivity due to temperature changes of graphite and fuel is considered. The equations of reactivity feedback can be written as
where ρ f and ρ g represent the feedback reactivity of fuel salt and graphite, respectively, ρ ctr is the reactivity of control rod or other externally introduced, T f0 and T g0 represent the steady-state temperature of fuel salt and graphite, respectively, T f and T g represent the effective average temperature of fuel salt and graphite in the core, respectively,α f and α g represent the feedback coefficient of fuel salt and graphite, respectively.
Heat Transfer Model
The reactor core heat transfer was modeled using a spatially lumped parameter multi-node approach, which is similar to the theoretical model proposed by ORNL [12] . The reactor was subdivided into sections and each section was modeled using representation shown in Fig. 1 . The single region core model of the three nodes is the basic component unit as shown in Fig. 1 , which can be integrated a heat transfer component and a multi regions core model (as shown in Fig. 2 ) efficiently by utilizing the reusable modeling characteristics of Modelica language. The corresponding energy balance equations are described as:
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Where Cp represents the specific heat capacity, M represents the mass,  f represents the mass flow rate of fuel salt, T represents the temperature,  f is the mass flow rate of fuel salt, A represents the heat transfer area between fuel salt and graphite adjacent to it, h represents the heat transfer coefficient, A is the heat transfer area between fuel salt and graphite adjacent to it, γ g represents the fraction of total thermal power generated in the graphite, P represents the total neutronic power, Kf1g and Kf2g are the fraction of power generated in graphite transferred to each fuel lump, while the subscripts stand for: f1, the first fuel lump, f2, the second fuel lump, g, the graphite.
The neutronic power P is proportional to the neutronic population n, it is obtained:
Here, P 0 is the nominal neutronic power and n 0 is a reference value of initial neutronic population.
Heat Exchanger
The modeling approach and equations of the heat exchanger, steam generator and the radiator (heat sink for MSRE) is similar to that mentioned above. The corresponding equations as follows:
For the primary salt
For the tube walls ti ti p,t f pi pi ti s si si ti
and for the secondary salt si si p,s s p,s sin si s si t si
where T pi represents the temperature of i th primary fluid node, T si represents the temperature of i th secondary fluid node, T ti represents the temperature of i th tube wall, M pi represents the mass of i th primary fluid node, M si represents the mass of i-th secondary fluid node, M ti represents the mass of i th tube wall node, C p,s represents the specific heat capacity of secondary salt, C p,t represents the specific heat capacity of tube wall, h f A pi represents the product of heat transfer coefficient and area for the primary fluid to tube wall interface, h s A si represents the product of heat transfer coefficient and area for the secondary fluid to tube wall interface, p  represents the mass flow rate of primary fluid and s  represents the mass flow rate of secondary fluid. Figure 1 . Schematic of the reactor core nodal model [13] .
Piping Lag Equation
The pipe model is used to simulate the flow of molten salt between the various reactor components, and the piping lag equation is described as:
In fact, the equation can be simplified to be in dT (T T ) dt
Therefore, It is treated as first order lags and means that the fluid will mix well before flowing into the next component. Figure 2 . Schematic of the MSRE nine-region core nodal model [13] .
Model Verification

Description of the MSRE System
The MSRE was a graphite-moderated, liquid fueled MSR of 8 MW th with LiF-BeF 2 -ZrF 4 -UF 4 as the fuel. As shown in Fig. 3 , The liquidl fuel salt flowed in primary circuit, taking away the heat generated in the core and transferring it to the coolant salt LiF-BeF 2 in the secondary circuit through the primary heat exchanger. Finally, the heat carried by the coolant salt LiF-BeF 2 was transferred to the air through the air radiator. 
System Model Development and Validation
During the operation of MSRE, a lot of experiments were carried out, and these experimental results from various studies performed by MSRE were the only benchmark for evaluating MSR system simulations. Tests were conducted at the MSRE with the 233 U fuel when the reactor operating at 1, 5, 8 MW to determine the system time response to step changes in reactivity [15] , which are used in this work as a benchmark to compare the simulation results of the developed computational model based on the TMSRLib with the actual experimental results from the MSRE. Therefore, two nonlinear dynamic simulation models for MSRE are built by using the componets model of the TMSRLib Modelica library based on the Dymola simulation platform. One is the single-region core model which is shown in Fig. 4 and the other is the nine-region core model which is shown in Fig. 5 . As shown in Fig. 1 , the core heat transfer model of the single-region model consists of two fuel flow nodes and one graphite node. Regarding the nine-region model, as shown in Fig. 2 , considering the spatial distribution of nuclear power, the core is divided radially from the center into nine regions with a total of eighteen fuel flow nodes and nine graphite nodes. The nodalization for the nine-region model is shown in Fig. 2 , which is basically the same as theoretical models developed by ORNL. Relevant modeling parameter of MSRE using in verification is listed in Tables 1 and 2,and the experimental data is digitized from the report of ORNL [15] .The comparison of simulation results for both the single region and the nine region models against experimental data is shown in Fig. 3, Fig. 4 , and Fig. 5 for the reactor at 1, 5, 8 MW, respectively. For the MSRE operating at 8 MW, the power response to a reactivity step of +13.9 pcm is shown in Fig. 6 . Due to the insertion of positive reactivity, the power of the reactor rises rapidly at the beginning of the transient, reaching its maximum value at about 3 seconds, and the average temperature of fuel molten salt and graphite moderator also rises continuously at this stage. After 3 seconds, the core power began to decrease due to the negative temperature feedback of fuel and graphite moderator. When the reactor power have decreased enough for the reactivity associated with the increased nuclear average temperature to just cancel the step reactivity insert, the power will be maintained at a certain level for a short period of time (from ~ 6 seconds to ~ 17 seconds). After about 17 seconds, the average temperature of molten salt in the reactor core rises rapidly and the power of the reactor decreases rapidly because the thermal fluid generated in the initial stage of reactivity introduction flows back into the reactor core after circulating in the primary loop. About 40 seconds, when the thermal fluid flows into the core for the second time, the power of the core will decrease rapidly again due to the negative temperature feedback. For the MSRE operating at 5 MW, the power response to a reactivity step of +19 pcm is shown in Fig. 7 . The change trend described at 5 MW is approximately the same as that described at 8MW, and a brief plateau can also be observed. For the 1-MW case, the power response to a reactivity step of +19.0 pcm is shown in Fig. 8 . The slower system response inhibits the reactor from reaching the peak of its first oscillation before the fuel completed one circuit of the external fuel loop, as a result there is no plateau appears in the 1-MW case. The simulation results coincide well with experimental data of the benchmark above, which preliminary verifies the validity of the two simulation models of MSRE and the developed generic Modelica library TMSRLib for liquid fueled MSR.
Conclusions
A generic model library TMSRLib was developed for liquid fueled MSR with the object-oriented modeling language Modelica based on the Dymola simulation platform. In order to verify the correctness and validity of the developed TMSRLib library, two nonlinear system models of MSRE with core represented by single-region and nine-region were built by using the components of the TMSRLib Modelica library. Using the MSRE reactivity insertion experiments as the benchmarks, the simulation results of the two system models were in good agreement with the experimental data and the validity of the two system models of MSRE and the developed library TMSRLib were verified. The results prove that the developed Modelica library TMSRLib is suitable to model and simulate the liquid fueled molten salt reactor system. This work will lay a foundation for the research of dynamic characteristics and control strategy of liquid fueled molten salt reactor system.
